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Abstract
Rationale—The molecular correlate of the calcium release-activated calcium current (ICRAC), the
channel protein Orai1, is upregulated in proliferative vascular smooth muscle cells (VSMC).
However, the role of Orai1 in vascular disease remains largely unknown.

Objective—The goal of this study was to determine the role of Orai1 in neointima formation
after balloon-injury of rat carotid arteries and its potential upregulation in a mouse model of
VSMC remodeling.

Methods and Results—Lentiviral particles encoding short-hairpin RNA (shRNA) targeting
either Orai1 (shOrai1) or STIM1 (shSTIM1) caused knockdown of their respective target mRNA
and proteins and abrogated store-operated calcium entry and ICRAC in VSMC; control shRNA was
targeted to luciferase (shLuciferase). Balloon-injury of rat carotid arteries upregulated protein
expression of Orai1, STIM1 and calcium-calmodulin kinase IIdelta2 (CamKIIδ2); increased
proliferation assessed by Ki67 and PCNA and decreased protein expression of myosin heavy chain
in medial and neointimal VSMC. Incubation of the injured vessel with shOrai1 prevented Orai1,
STIM1 and CamKIIδ2 upregulation in the media and neointima; inhibited cell proliferation and
markedly reduced neointima formation 14 days post injury; similar results were obtained with
shSTIM1. VSMC Orai1 and STIM1 knockdown inhibited nuclear factor for activated T-cells
(NFAT) nuclear translocation and activity. Furthermore, Orai1 and STIM1 were upregulated in
mice carotid arteries subjected to ligation.

Conclusions—Orai1 is upregulated in VSMC during vascular injury and is required for NFAT
activity, VSMC proliferation and neointima formation following balloon-injury of rat carotids.
Orai1 provides a novel target for control of VSMC remodeling during vascular injury or disease.
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Introduction
Vascular smooth muscle cell (VSMC) proliferation is a major contributor to vascular
occlusive diseases such as atherosclerosis, hypertension and neointimal hyperplasia after
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angioplasty. Damage to blood vessel walls triggers pathological changes which include the
switch of medial VSMC from a contractile to a synthetic phenotype. In response to injury,
VSMCs proliferate and migrate across the internal elastic lamina towards the vascular
lumen, produce extracellular matrix, form the structure called neointima, and result in
narrowing of vessel lumen with devastating consequences on cardiovascular function.

Calcium (Ca2+) signaling plays an essential role in VSMC phenotypic changes1. A major
Ca2+ influx pathway activated in response to extracellular agonits is the store-operated Ca2+

entry (SOCE) pathway which is initiated by phospholipase C (PLC) activation and
subsequent IP3-mediated discharge of internal Ca2+ Stores2-5. SOCE is associated with a
highly Ca2+ selective conductance called Ca2+ release-activated Ca2+ current (ICRAC) first
identified in mast cells6 and subsequently in other cell types, including VSMC7-9. The
molecular components of ICRAC have been recently discovered and belong to two protein
families: The Ca2+ sensor STIM1 located mainly in the endoplasmic reticulum (ER)10, 11

and the Ca2+ channel Orai1 expressed at the plasma membrane (PM)12-14. Decrease of Ca2+

concentration within the lumen of the ER causes STIM1 to reorganize into punctate
structures and relocate to discrete regions of close ER/PM contacts to activate Orai1 through
binding of a minimal 107 amino acids C-terminal region of STIM1 (called SOAR/
CAD)15, 16 to the C- and N-termini of Orai1. Mammals have another STIM protein, STIM2
and two Orai proteins, Orai2 and Orai3 that are also activated by STIM proteins when
ectopically co-expressed in the HEK293 system. We have recently provided evidence for an
endogenous ICRAC-like current encoded by Orai317 while Orai2 contribution to native Ca2+

conductances remains unknown. Members of the transient receptor potential canonical
(TRPC) family of cation channels have also been suggested to be the molecular correlates of
non-selective SOCE conductances that are distinct from ICRAC

18, 19.

We and others have demonstrated that Orai1 and STIM1 are upregulated in synthetic
proliferative VSMCs9, 20. Data from our laboratory showed that either STIM1 or Orai1
knockdown using silencing RNA (siRNA) inhibited SOCE, ICRAC and synthetic VSMC
proliferation and migration in response to serum and platelet-derived growth factor
(PDGF)9, 21. We also showed that Orai1 and STIM1 were upregulated in medial and
neointimal VSMC from rat carotids after balloon injury21, suggesting that these proteins are
involved in vascular pathophysiology. Interestingly, two recent reports have specifically
addressed the role of STIM1 in VSMC remodeling in vivo and independently reported that
STIM1 in vivo knockdown inhibited neointima formation after balloon injury in rat
carotids22, 23. However, the mechanism of action of STIM1 and the exact PM ion channel
that mediates STIM1 function during VSMC remodeling in vivo is unclear. In addition to its
role in activating Orai1-mediated ICRAC, STIM1 positively regulates the function of Orai2,
Orai3 and Orai1/Orai3 heteromultimeric channels in their store-operated mode24-27 and that
of the store-independent Orai1/Orai3 arachidonate-regulated Ca2+ (ARC) channel28 as well
as that of most TRPC channels 18, 29, 30. Further, STIM1 has recently been shown to regulate
the function of L-type Ca2+ channels in different cell types, including VSMCs31, 32.

The significance of Orai1 upregulation during vascular injury, its interdependence on
STIM1 and its role in VSMC remodeling and neointima formation in vivo is an important
question that has remained unanswered. Therefore, in this study we comparatively tested the
role of Orai1 and STIM1 in VSMC proliferation and neointima formation in vivo using the
rat carotid artery balloon injury model. We found that either Orai1 or STIM1 in vivo
knockdown is sufficient to inhibit VSMC proliferation and neointima formation to a similar
extent. We show that Orai1 is required for nuclear translocation and activation of nuclear
factor for activated T-cells (NFAT) in VSMCs. Furthermore, we report that Orai1 and
STIM1 upregulation is also a feature of another model of vascular remodeling: the carotid
ligation in mice, highlighting the importance of Orai1-mediated ICRAC in smooth muscle
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phenotypic switching and unraveling Orai1 as a potential target for vascular occlusive
diseases.

Materials and Methods
All antibodies/reagents concentrations, dilutions and origins are described in detail in online
supplement. Cell culture, generation of lentiviruses and surgeries were conducted using
standard procedures. An expanded material and methods section is available in online
supplement.

Results
VSMC Orai1 and STIM1 knockdown using lentiviral particles-encoding shRNA abrogates
SOCE and ICRAC

ShRNA sequences targeting either Orai1 or STIM1 were cloned under the control of the H1
promoter in the lentiviral vector pFUGW-GFP which separately encodes green fluorescent
protein (GFP) under the control of the Ub-c promoter. Lentiviral particles were produced
and used to infect synthetic cultured rat aortic VSMCs. These viral particles were efficient at
infecting 90-95% of VSMCs, as visualized by GFP fluorescence (Figure 1A). Infection of
VSMC with either shOrai1 or shSTIM1 viruses caused marked decrease in cell number
(Figure 1A), consistent with previous studies demonstrating a role for Orai1/STIM1 in
VSMC proliferation9, 21. Real-time PCR showed that shOrai1 viruses reduced their
respective mRNA levels with no significant effect on STIM1 mRNA levels; similar results
were obtained with shSTIM1 viruses (Figure 1B). Orai1 and STIM1 protein knockdown
after shRNA treatment was documented by western blotting (Figure 1C, D). ShOrai1 viruses
reduced Orai1 mRNA and protein levels by 88.7± 0.76% and 67.4± 9.34% respectively
while shSTIM1 viruses reduced STIM1 mRNA and protein levels by 88.8± 0.53% and
98.1± 0.66% respectively; n=3 (Figure 1B, D). Furthermore, shOrai1 had no significant
effect on expression of Orai2 and Orai3 homologs as measured using real-time PCR
(Supplemental Figure I-A), ruling out potential cross-effects of shOrai1 on Orai2 and Orai3.
Ca2+ imaging was performed on selected VSMCs displaying strong GFP fluorescence, thus
selecting only cells with almost complete knockdown. ShOrai1 and shSTIM1 viruses
inhibited the extent of SOCE activated by thapsigargin in VSMC by 87.7± 2.38% and 74.8±
2.98% n=21 and 19 respectively as compared to cells infected with shLuciferase lentivirus
(Figure 1E, F); the remaining SOCE in cells infected with shSTIM1 viruses despite almost
complete STIM1 protein downregulation is likely due to native STIM2, consistent with
previous studies10. The inhibition of SOCE upon Orai1 knockdown could be effectively
rescued by expressing siRNA-resistant cyan fluorescent protein (CFP)-Orai1clone in VSMC
(Supplemental Figure I-B, C). Previous studies from our lab and others have shown that
Orai2 and Orai3 do not contribute to SOCE in rat and human VSMCs9, 21, 33. Importantly,
shOrai1 and shSTIM1 viruses dramatically inhibited ICRAC (by comparison to shLuciferase)
measured by whole cell patch clamp after passive store depletion with dialysis of 20mM of
the chelator BAPTA through the patch pipette (Figure 1G-K). ICRAC was measured in a bath
solution containing 20mM Ca2+ (Ca2+ ICRAC and was amplified using short pulses (30
seconds) of standard divalent free (DVF; Na+ ICRAC) solutions as described previously8, 9.
ICRAC showed typical current depotentiation in DVF solutions (Figure 1G). ShOrai1
inhibited Ca2+ ICRAC and Na+ ICRAC by 90% and 95% respectively [Na+ ICRAC values are
reported as Ca2+ ICRAC values are too small to be reliable: control, 0.39± 0.02 pA/pF, n=3;
shOrai1, 0.02± 0.01 pA/pF, n=4 at -100mV. ShSTIM1 inhibited Ca2+ ICRAC and Na+ ICRAC
by 92% and 96% respectively [shSTIM1, 0.01±0.004 pA/pF (Na+ ICRAC) at -100mV; n=5
(Figure 1K)]. Current-voltage (I/V) relationships for Na+ ICRAC are shown in Figure 1J;
statistical analyses on Na+ ICRAC recordings from different cells are shown in Figure 1K.
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Rat carotid balloon injury causes increased Orai1/STIM1 protein expression and VSMC
proliferation

We performed balloon injury on rat left carotids as described in methods; right carotids were
used as internal controls. Carotid injury causes significant neointima formation at 7 day post
injury with peak neointima observed at 14 day post injury (Figure 2 A), consistent with
previous studies34. Left injured and right control carotid arteries were isolated, sectioned and
subjected to immunofluorescence (IF) staining using Orai1, STIM1, Ki67 and myosin heavy
chain (MHC) specific antibodies, as described in the methods. Figure 2B shows IF staining
on carotid arteries 7 days post injury where Orai1 and STIM1 proteins are clearly
upregulated in neointimal VSMCs from left injured carotids arteries compared to right
control carotids. Orai1/STIM1 protein upregulation in neointimal VSMCs from injured left
carotids compared to medial VSMCs from right carotids was confirmed by Western Blotting
14 day post injury (Figure 2C). Western blots also show increased expression of
proliferating cell nuclear antigen (PCNA) in injured carotids at day 14 post-injury,
suggesting increased cell proliferation (Figure 2C). Ki67 staining was used as an additional
marker of cell proliferation at 7 day post injury and clearly shows positive staining of
neointimal VSMCs from injured left carotids while right carotids display no significant Ki67
expression. While right control carotids show robust staining of the contractile VSMC
marker MHC in the media layer, injured left carotids show reduced MHC staining in medial
VSMCs and dramatic decrease in the neointimal layer (Figure 2B).

Effects of in vivo infection with shOrai1 and shSTIM1 lentiviruses on VSMC proliferation
and protein expression

A series of vascular injury experiments were conducted on left carotids of rats to evaluate
the effect of in vivo knockdown of Orai1 and STIM1 on VSMC proliferation and protein
expression. Left carotids were injured and treated with either shLuciferase, shOrai1 or
shSTIM1 lentiviruses for 30 minutes as outlined in the methods; right carotids were neither
injured nor treated with lentiviruses (N.T) and were used throughout as internal controls. As
shown in Figure 3A, left carotid arteries were successfully infected by lentiviruses as
demonstrated by positive expression of GFP; right non-injured and non-infected show no
GFP expression (Figure 3A). Immunohisto-chemistry (IHC) showed positive GFP staining
in vessel sections injured and treated with shOrai1 lentiviruses (Supplemental Figure II).
Injured left carotid arteries treated with shLuciferase show a dramatic increase in protein
expression of Orai1 and STIM1. These injured shLuciferase-treated carotids also showed
upregulation of the CamKIIδ2 isoform, a major downstream effector of Ca2+ signaling in
synthetic VSMCs and an important determinant in neointima formation34,35. Importantly,
injured shLuciferase-treated left carotids showed increased PCNA expression indicating
increased VSMC proliferation after injury. Treatment of injured left carotids with shOrai1
lentiviral particles substantially prevented the upregulation of Orai1 protein and the
proliferative marker PCNA 14 day post-injury (Figure 3A, B). Interestingly, shOrai1 also
prevented upregulation of STIM1 and CamKIIδ2 proteins. This is in contrast to in vitro
knockdown of Orai1 in proliferative VSMCs which had no effect on STIM1 or Orai2/3
expression (Figure 1B & Supplemental Figure I-A), suggesting that chronic in vivo Orai1
knockdown is complex and prevents VSMC from injured carotids to acquire markers
associated with switch to proliferative phenotypes (Figure 3A, B). In a manner similar to
shOrai1, shSTIM1 was able to substantially prevent STIM1, Orai1, PCNA and CamKIIδ2
upregulation (Figure 3A, B). Figure 3B shows statistical analysis on western blotting
densitometry of Orai1, STIM1, CamKIIδ2 and PCNA proteins normalized to corresponding
β-actin from 6 rats per condition.

IF experiments using antibodies against Orai1, STIM1 and CamKIIδ2 were performed on
right (control) and left carotids (injured and treated with shRNA), 14 days post-injury

Zhang et al. Page 4

Circ Res. Author manuscript; available in PMC 2012 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Figure 3C, D). Orai1 (C), STIM1 (D) and CamKIIδ2 (supplemental figure III) protein
expression are clearly increased in medial and neointimal VSMC from injured and
shLuciferase-treated left carotids. Treatment with shOrai1 caused decrease protein
expression of Orai1 (Figure 3C; See also supplemental figure IV), STIM1 (Figure 3D) and
CamKIIδ2 (supplemental figure III) in medial and neointimal VSMC compared to
shLuciferase-treated carotids; similar results were obtained when injured left carotids were
treated with shSTIM1 viruses (Figure 3C, D). Secondary antibodies controls are shown in
supplemental figure IV.

Orai1 and STIM1 in vivo knockdown prevents neointima formation
Left carotid injury followed by in vivo lentiviral infection with shLuciferase, shOrai1 and
shSTIM1 were performed as described above. Figure 4A shows H&E staining of carotid
artery cross sections from sham-operated control non-injured (intact) and balloon-injured
and treated with lentiviral particles encoding either shLuciferase (shLuc; n=7), shOrai1
(n=5) or shSTIM1 (n=5) 14 days after injury. Treatment with shOrai1 or shSTIM1
dramatically attenuated neointima formation as compared to shLuciferase (Figure 4A).
Figure 4B shows statistical analysis of neointima and media layer areas (in mm2) from left
injured carotids and intima and media layer areas from right non-injured carotids obtained
from 5-7 independent rats per condition and determined using the Image J Software. The
size of neointima is dramatically increased 14 day after injury and this increase is largely
attenuated by shOrai1 and shSTIM1. However, the medial layer area from injured carotids
treated with shLuciferase is not significantly different from that of carotids injured and
treated with shOrai1 or shSTIM1 or that of non-injured right carotid controls (Figure 4B).
Figure 4C represents statistical analysis of area ratios of neointima/media (N/M) and clearly
shows increased N/M ratios in injured and shLuciferase-treated left carotids; these N/M
ratios were substantially reduced in left carotid arteries that were injured and treated with
either shOrai1 or shSTIM1 lentiviruses (Figure 4C). Supplemental Table I depicts data on
vessel and lumen size measurements from conditions.

We next sought to evaluate whether STIM1 and Orai1 contribution to VSMC proliferation is
mediated by constitutive STIM1/Orai1-mediated SOCE due to pre-coupling of STIM1/Orai1
in synthetic proliferative VSMCs. We failed to detect any basal (in absence of store
depletion) SOCE activity in synthetic VSMCs using either Ca2+ imaging or patch clamp
electrophysiology (Supplemental Figure V). Confocal microscopy on ectopically expressed
eYFP-STIM1 in VSMCs showed no STIM1 puncta under resting conditions; STIM1 puncta
was observed only after thapsigargin treatment (Supplemental Figure VI-A). Similarly, co-
expression of eYFP-STIM1 and CFP-Orai1 showed co-localization only after store
depletion (Supplemental Figure VI-B), suggesting that the contribution of STIM1/Orai1 to
VSMC remodeling is likely regulated by growth/vasoactive factors.

Orai1/STIM1 knockdown inhibits NFAT nuclear translocation and activity
To delineate downstream pathways involved in Orai1- and ICRAC-mediated increase in
VSMC proliferation, we sought to evaluate the contribution of VSMC Orai1-mediated
ICRAC to the activation of the transcription factor, nuclear factor for activated T cells
(NFAT), a known downstream target of ICRAC in lymphocytes. Synthetic VSMC were
transfected with a plasmid encoding NFAT-GFP fusion protein and either siOrai1, siSTIM1
or non-targeting control siRNA and NFAT nuclear translocation was monitored by
following GFP fluorescence before and after activation of SOCE by 2μM thapsigargin for
15 minutes. Knockdown of either Orai1 (n=15) or STIM1 (n=11) drastically inhibited
NFAT nuclear translocation compared to siRNA control (n=28; Figure 5A, B). The average
% of inhibition of NFAT nuclear translocation was 85.4% for siOrai1 and 92.3% for
siSTIM1.
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We also used a luciferase reporter assay to directly measure NFAT activity upon VSMC
transfection with siOrai1, siSTIM1 or control siRNA as described in methods. NFAT
activity was determined using the NFAT-driven luciferase construct (pIL2-Luc) co-
transfected with the Renilla-luciferase vector (as an internal control) in VSMC previously
transfected with different siRNA. SiOrai1- (n=6) and siSTIM1-transfected VSMCs (n=4)
displayed essentially abrogated luciferase activities compared to control siRNA-transfected
cells (n=6; Figure 5C).

Orai1/STIM1 are upregulated in carotids from mice subjected to ligation injury
To determine a potential broader role of Orai1/STIM1, we investigated the upregulation of
Orai1 and STIM1 in carotid artery sections from mice subjected to disturbed flow or
increased shear stress due to carotid ligation. IHC staining with specific antibodies against
Orai1 and STIM1 in ligation-injured carotids (at day 21 post-ligation) from mice shows
marked upregulation of Orai1 and STIM1 proteins in media and neointima from ligation-
injured carotids compared to control (Figure 6); Orai1 and STIM1 staining was correlated
with that of the VSMC marker Smooth muscle alpha-actin (SMα-actin) on contiguous
sections, indicating that cells with upregulated Orai1 and STIM1 are VSMCs (Figure 6).
STIM1 staining in intact vessels was almost undetectable at the dilution of primary antibody
used for injured sections (1:2000) and became visible at a dilution of primary antibody of
1:1200 (see inset). These data suggest that Orai1 and STIM1 upregulation is a more general
feature of VSMC remodeling shared by other models of vascular occlusive diseases.

Discussion
Orai1 and STIM1 have recently emerged as central molecular players for SOCE and ICRAC
as well as store-independent ARC channels5, 36. Both Orai1 and STIM1 are upregulated in
synthetic proliferative VSMC compared to quiescent freshly isolated VSMC9, 20. STIM1 is
clearly regulating an increasing number of ion channels and future research is likely to
extend further the list of channels, transporters and pumps regulated by STIM1. Indeed, in
addition to Orai1-mediated ICRAC, STIM1 was shown to regulate Orai2 and Orai3 channels
in their store-operated mode24, 26 as well as the store-independent ARC channels mediated
by Orai1/Orai3 heteromers28, 37. STIM1 also regulates the function of all TRPC channels,
with the exception of TRPC718 and has recently been shown by two independent groups to
control the function of L-type Ca2+ channels31, 32.

Therefore, this study set out to specifically test the involvement of Orai1 in neointima
formation by comparison with STIM1 and determine the significance of Orai1 upregulation
in synthetic proliferative VSMC from injured arteries. Inhibition of Orai1 upregulation
during carotid injury using lentiviral particles encoding shRNA prevented Orai1 protein
increase 14 day post injury. Interestingly, Orai1 in vivo knockdown also prevented
upregulation of STIM1 and CamKIIδ2. Importantly, Orai1 in vivo knockdown inhibited
VSMC proliferation assessed by PCNA and dramatically reduced neointima formation. Both
Orai1 and STIM1 knockdown inhibited NFAT nuclear translocation and transcriptional
activity, providing a transcriptional pathway downstream of Orai1 and ICRAC-mediated Ca2+

entry for the control of VSMC proliferation. The upregulation of Orai1 and STIM1 appears
to be a feature of proliferative VSMC in other models of vascular diseases such as carotid
ligation model in mice, highlighting the universality of ICRAC Ca2+ entry pathway in VSMC
remolding regardless whether the trigger for this remodeling is acute mechanical injury with
removal of endothelium or chronic disturbance of flow or shear stress-induced injury.

The fact that Orai1 knockdown is as efficient as STIM1 in preventing neointima formation
in vivo, suggests that Orai1 can be a potential target for treatment of VSMC remodeling
during vascular diseases. Conceptually, Orai1 would offer a far better target than STIM1 for
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the following reasons: 1) by its virtue of being an ion channel expressed at the PM, Orai1 is
more accessible than STIM1 that is mainly expressed in the ER and 2) Targeting STIM1
could be associated with side effects since STIM1 is involved in controlling a plethora of ion
channels in addition to Orai1-mediated ICRAC. However, Orai1 and ICRAC are prominently
functional in the immune system; the main feature of Orai1 deficient patients and mice is
severe immunodeficiency38-40. Thus, while it is logical to presume that any potential drug
against Orai1 and ICRAC in the treatment of VSMC remodeling is likely to be
immunosuppressive, this might not be the case. Orai1 and ICRAC clearly mediate SOCE in
both leukocytes (T-cells, B-Cells and mast cells) and VSMC, yet there is evidence
suggesting that the molecular organization of Orai1 at the PM is distinct between VSMC
and other cell types. Indeed, the non specific drug 2-Aminoethoxydiphenyl borate (2-APB)
completely abrogates SOCE in VSMC at low μM concentrations (2-5μM)9 while higher
concentrations (30-50μM) are required to inhibit SOCE in leukocytes and other cell types41.
The reason for this difference is unknown but might be due to differences in
posttranslational modifications of Orai1 or differential requirement of regulatory molecules
between VSMC and other cell types. A recent report by Li et al, showed that a SOCE
inhibitor, S66 is more potent in endothelial cells than immune cells42,despite the fact that
Orai1 encodes SOCE and ICRAC in both cell types8, 12. This suggests that Orai1 and ICRAC in
the vasculature might have subtle differences that would endow them with different
sensitivities to drugs compared to other tissues.

In summary, this study provides evidence that Orai1 could be used as a target for vascular
occlusive diseases. Future studies aimed at better understanding Orai1 molecular
organization and its mechanisms of regulation in VSMC are likely to realize the use of Orai1
as an efficient target for treatment of vascular occlusive diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CRAC calcium release-activated calcium
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NFAT nuclear factor for activated T-cells

STIM1 Stromal interacting molecule1

SOAR/CAD STIM Orai activating region/CRAC activating domain

PLC Phospholipase C

VSMC vascular smooth muscle cell

SOCE store-operated calcium entry

TRPC channels transient receptor potential canonical channels

MHC myosin heavy chain

SMα-actin smooth muscle alpha actin

PCNA proliferating cell nuclear antigen

CamKIIδ2 calcium/calmodulin kinase II delta2

IHC Immunohistochemistry

IF Immunofluorescence
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Novelty and Significance
What is known?

• Orai1 calcium (Ca2+) channels are expressed in vascular smooth muscle cells
(VSMC) and their expression is increased in proliferative migratory “synthetic”
VSMC.

• Orai1 mediates calcium release-activated calcium (CRAC) current in VSMC
that is required for VSMC proliferation and migration in vitro.

What new information does this article contribute?

• Balloon injury in rat carotids and carotid ligation in mice causes increased
expression of Orai1 protein in medial and neointimal VSMC.

• Knockdown of Orai1 expression in vivo by transduction of lentiviruses-
encoding shRNA into balloon-injured carotid arteries prevent Orai1, STIM1 and
CamKIIδ2 upregulation, VSMC proliferation in vivo and neointima formation.

• Orai1 knockdown in VSMC inhibits the nuclear translocation and activity of the
transcription factor, nuclear factor for activated T-cells (NFAT).

Orai1 and STIM1 are two critical components of the CRAC channel (ICRAC) that regulate
Ca2+ entry in non-excitable cells. The role of Orai1 in vascular function and disease is
only beginning to emerge. Our work shows that Ca2+ entry through Orai1 and ICRAC is
essential for driving VSMC remodeling in vivo during vascular disease such as
restenosis. In vivo knockdown of Orai1 by shRNA in a rat balloon injury model prevents
upregulation of Orai1, STIM1 and CamKIIδ2 in VSMC; inhibits VSMC proliferation and
neointima formation. Orai1 knockdown in VSMC inhibits NFAT nuclear translocation
and activation, providing a potential mechanism for Orai1-dependent regulation of
VSMC remodeling. These findings reveal a role for Orai1 and ICRAC in driving VSMC
proliferation during vascular disease. Orai1 targeting with specific drugs might have the
potential for treatment of vascular occlusive diseases.
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Figure 1. Effect of shOrai1 and shSTIM1 lentiviruses on SOCE and ICRAC
A. Cultured VSMCs were infected with either shLuciferase, shOrai1 or shSTIM1
lentiviruses and infected cells are visualized by GFP fluorescence. Phase pictures are shown
to gauge the infection efficiency. Note the reduced cell number in shOrai1 and shSTIM1
conditions compared to shLuciferase control. B. quantitative PCR shows that shOrai1 and
shSTIM1 lentiviruses specifically and efficiently reduced their target mRNA (normalized to
rpl32 mRNA) 5 days post infection. ShOrai1and shSTIM1 infection of VSMCs caused a
small (not statistically significant) increase in STIM1 and Orai1 mRNA respectively. C.
Western blotting shows that shOrai1 and shSTIM1 lentiviruses caused efficient protein
knockdown of their respective proteins 5 days post infection. D. Statistical analysis of Orai1
and STIM1 band densitometry normalized to β-actin is shown. E. shOrai1 lentiviral
infection essentially abrogated SOCE activated by thapsigargin (2μM) compared to
shLuciferase lentivirus control in VSMCs; statistical analysis from 3 independent
experiments totaling 21 cells is depicted (control shluciferase, 3 experiments, n=23). F.
shSTIM1 lentiviral infection also caused substantial reduction in SOCE activated by
thapsigargin (2μM) compared to shLuciferase lentivirus control in VSMCs; statistical
analysis from 3 independent experiments totaling 19 cells is depicted (control shluciferase, 3
experiments, n=24). G-I. Whole cell patch clamp recordings of ICRAC activated in VSMCs
by dialysis of 20mM BAPTA through the patch pipette and showing substantial decrease of
Ca2+ ICRAC currents (at -100mV) recorded in 20mM external Ca2+ and Na+ ICRAC currents
recorded in divalent free (DVF) external solutions, from shOrai1- (n=4) and shSTIM1-
infected VSMCs (n=5) compared to shLuciferase-infected VSMCs (n=3). A DVF pulse was
applied immediately after break-in to gauge leak current, which was subsequently subtracted
from the DVF current obtained after store depletion. J. I/V relationships of Na+ ICRAC from
VSMCs infected with shLuciferase, shOrai1 or shSTIM1 lentiviruses were taken where
indicated by the color-coded asterisks. K. Statistical analyses on Ca2+ ICRAC and Na+ ICRAC
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currents taken at -100mV from several independent VSMCs infected with shLuciferase,
shOrai1 or shSTIM1 lentiviruses.
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Figure 2. Orai1/STIM1 proteins and balloon carotid injury in rats
A. H&E staining of balloon-injured left carotid artery sections showing increased neointima
as early as 7 day after injury compared to sham-operated arteries (intact). Neointima
formation peaks at 14 days post injury and is still prominent 21 day post-injury. B. IF
staining with specific antibodies shows increased protein expression of Orai1 and STIM1in
neointima of left injured carotid arteries 7 day post injury in comparison with right non-
injured control carotids. IF staining also show increased expression of the proliferative
marker Ki67 and decreased expression of VSMC contractile marker myosin heavy chain
(MHC) in neointimal layers of balloon-injured left carotid artery sections compared to right
non-injured control carotids. C. Western blotting on medial and neointimal VSMC from
balloon-injured left carotid arteries compared with the medial layer from sham-operated
arteries showing increased protein expression of Orai1, STIM1 and the proliferative marker
PCNA in balloon-injured left carotid arteries 14 day post-injury. A, adventitia; M, media;
NI, Neointima; L, leumen.
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Figure 3. Orai1/STIM1 ShRNA lentiviral infection, VSMC proliferation and protein expression
A. ShLuciferase, shOrai1 and shSTIM1 lentiviruses efficiently infected carotid vessels as
evidenced with expression of GFP in medial and neointimal protein extracts from left
carotid arteries that are balloon-injured (14 day after injury) and infected with viral particles;
right non-infected carotids show no GFP expression. ShOrai1 inhibited upregulation of
Orai1 protein as well as that of STIM1 and CamKIIδ2, 14 day post-injury. Similarly,
shSTIM1 inhibited upregulation of STIM1 protein as well as that of Orai1 and CamKIIδ2.
ShOrai1 and shSTIM1 inhibited VSMC proliferation as evidenced by reduced protein
expression of PCNA in medial and neointimal protein extracts from balloon-injured left
carotids treated with shOrai1 and shSTIM1 lentiviruses compared to injured left carotids
treated with shLuciferase lentiviruses. B. Statistical analyses on Orai1, STIM1, CamKIIδ2
and PCNA protein expression data on extracts of medial and neointimal VSMC from ballon-
injured left carotids and treated with shLuciferase, shOrai1 or shSTIM1 lentiviruses. Data
represent densitometry on protein bands with average ± SEM from 6 rats per condition,
determined using Image J and normalized to βactin expression. C-D. IF using specific anti-
Orai1 (C) and anti-STIM1 (D) antibodies on left carotid sections (14 day after injury)
injured and treated with shLuciferase, shOrai1 or shSTIM1 lentiviruses (bottom) and
corresponding right non-injured non-treated control carotids (top).
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Figure 4. ShOrai1 and shSTIM1 lentiviral infection after balloon-injury inhibited neointima
formation
A. H&E staining on left carotid artery sections from either sham-operated (intact) or
balloon-injured rats treated with shLuciferase (shLuc), shOrai1 or shSTIM1 lentiviruses 14
day post-injury and lentiviral treatment. B,C. Statistical analyses on medial and neointimal
areas (mm2; B) and media/neointima (M/N) ratios (C) from 5-7 independent rats per
condition determined using the Image J software from left injured and treated with
lentiviruses and right non injured non-treated controls. Neointimal regions are highlighted in
green.
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Figure 5. Orai1 and STIM1 knockdown prevents NFAT nuclear translocation and activity
A. VSMCs were transfected with a plasmid encoding NFAT-GFP after transfection with
either siRNA against Orai1 (siO1), STIM1 (siS1) or non-targeting siRNA control (siNT).
NFAT-GFP nuclear translocation in response to thapsigargin (2μM for 15 minutes) was
monitored under fluorescence microscope. B. Data was quantified using Image J and
efficiency of NFAT-GFP translocation was represented as a ratio of GFP fluorescence in
nucleus/cytosol. C. Luciferase reporter assays with and without 2μM thapsigargin treatment
of VSMCs transfected with siOrai1 (siO1), siSTIM1 (siS1) or non-targeting siRNA (siNT).
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Figure 6. Orai1/STIM1 proteins are upregulated in carotid arteries from mice subjected to
ligation
IHC staining with specific antibodies against Orai1 and STIM1 in ligation-injured carotids
from mice shows a marked upregulation of Orai1 and STIM1 proteins in media and
neointima from ligation-injured carotids 21 days post-ligation compared to their respective
control vessels. Contiguous sections from the same vessels were also stained with anti-SMα-
actin antibody as a VSMC marker. Dilutions used for primary antibodies are: anti-Orai1,
1:400; anti-STIM1, 1:2000 (inset section dilution was 1:1200 for control vessel); anti- SMα-
actin, 1:800.
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